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Abstract

Heat shock transcriptional factors (HSFs) are expressed in plants due to external stress, high temperatures, or pathogenic
infections. This study was undertaken to analyze the expression of HSF genes in grapevines inoculated with pathogens.
Spores of Colletotrichum acutatum and C. gloeosporioides were inoculated on the leaves, and on immature and mature
fruits of ‘Campbell Early’ and creeping grapevine (Vitis flexuosa). The real-time PCR of RNA isolated from infected
leaves and fruits showed specific upregulation of HSF11, HSF12, HSF14, and HSF15 subsequent to both high temperature
and pathogen infections. However, HSF16 and HSF17 were up-regulated specifically by pathogenic infections only and
showed different expression patterns in response to wounding. Among the hydrogen peroxide-related genes, the expression
of catalase (CAT) and superoxide dismutase (SOD) was up-regulated by pathogen infections. Concurrently, expression of
six HSFs (HSF11, HSF12, HSF14, HSF15, HSF16, and HSF17) dose-dependently increased with accumulation of hydro-
gen peroxide in the leaves and fruits of grapevines. The expression of selected HSF genes was up-regulated differentially
as a defense reaction in ‘Campbell Early’ and V. flexuosa grapevine in response to external stress (such as wounding) and
pathogen inoculation. This indicates that expression of some HSFs is regulated through the hydrogen peroxide-mediated
pathways in response to pathogens. Further studies determining the mechanism of HSF gene expression induced by exter-
nal stress are required.
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1 Introduction cultivars are ‘Campbell Early’, ‘Kyoho’, ‘Shine Muscat’,

Muscat Bailey A’, and ‘Delaware’, which are consumed

Due to the recent climatic changes, the 30 years’ aver-
age annual temperature and precipitation in Korea have
increased by 0.4°C and 1384.33 mm, respectively (Lee et
al. 2007). Changes in weather negatively affect the quality
(skin color, total soluble solids, and aroma) and harvest time
of grapes as well as wine production (Orduia et al., 2010).
Close to 142.4 thousand tons grapes are produced in 12,676
cultivated areas in Korea (KOSIS, 2019). The main grape
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mainly as table grapes and processed foods, including wine
and jam (Park et al. 2010).

It is well documented that the coloring of grape skins
is poor at high temperatures, which causes abnormal pro-
duction of anthocyanin pigments and subsequently results
in low-quality fruits (Shinomiya et al. 2015). Extremely
high temperatures are one of the stresses in plant growth
and development, causing the plant to activate numerous
transcriptional factors to protect themselves from this stress
factor (Akhtar et al. 2012; Li et al. 2011; Scharf et al. 2012).
Of these, the heat shock transcriptional factors (HSFs) are
known to play important roles in plants, including Arabi-
dopsis, tomato, castor, grape, soybean, poplar, and slen-
der false brome (Liu et al. 2018; Scharf et al. 2012). HSFs
reportedly regulate the expression of genes such as HSP and
APX2 (von Koskull-Doringet al. 2007).
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Table 1 Primer list of VHSF Name
(grapevine HSF) and nucleotide

Primer sequences (5°-3")

Forward

Reverse

sequences used for real-time PCR

analysis (Lee et al. 2021) VHSF1

VHSF2
VHSEF3
VHSF4
VHSF5
VHSF6
VHSEF7
VHSF8
VHSF9
VHSF10
VHSF11
VHSF12
VHSF13
VHSF14
VHSF15
VHSF16
VHSF17
VHSF18
VHSF19

CCTGCTCCTTTCCTGTTGAAGA
CTCTTGGAGCAGAGCAGGTAGC
ATAGATGGGAGTTTGCCAACGA
GATGGGAATTCTCCAACGACTG
AGGCAAAAATATGCTGGAACGA
AATTCGATCGTGTCCTGGAGTC
CCAAAGAGGAGAAGATGCTGGA
GATCCAATCGACATCGTCTTCC
GATCTTTGCCGGGAATCTTCTT
AGAGGTGAAATCAGAGCCGTTG
CTGAGTTCGCCAAAGATTTGCT
CAAGGTCAAAGAGCAGCAGTCA
TGCAAATGCAGCATCTAAAGGA
GAGGACCCCAATGAGGAGAGTT
TGCCCAAGTACTTCAAGCACAA
CACAGCAACTTCTCCAGCTTTG
GTTCACAACCATTCCCTTCTGG
ATTGCTGGCAATGAGGAAGAAG
CTGGATTGATTCCCCATTACCA

ACAAACCCTGTTCCATCTGCAT
AAGTTTTTGGGGAGGAGATTGG
AGTGGAGAATGGTGATGGTGGT
ATCGTTCGTCAGCACAATTTGA
TGGAATTGGTAGAGGCTTTGGA
CGGTAAAAGGTCTCTTGCGAAC
ACAACACCATCCACTCTCACCA
ACCTACAGTGCTGCCGTCTTCT
GCAAACTCCCATCTGTCTGGAT
AGTTCTAGCCACGGAGGGTCTT
CTCAGGATCAGCCTTCCTGAAA
AGGGTTCTGAACTGCCTTTTCC
ACAGTTTGCTGACGTTGTTCCA
CCCCTTTTCTTCTTTCCCTTCA
TGGATCCACCTTCCTAAATCCA
CTCTTTCCCCTCTTCGGAACAT
CAATGGGTTCACCTGAGAAAGG
ATGATGATCACCCAGTCGGAGT
CGGTGGTTATCTTGGGTGAGAG

Although HSFs are expressed by abiotic stresses includ-
ing high temperatures, their expression in response to biotic
stress (including infection of pathogens) remains unknown.
Among the various plant diseases, the occurrence of grey
mold caused by Botrytis cinerea, peduncle rot by Botryos-
phaeria dothidea, ripe rot by Colletotrichum gloeosporioi-
des and C. acutatum, bird’s-eye rot (anthracnose) by Elsinoe
ampelina, downy mildew by Plasmopara viticola, leaf spot
by Pseudocercospora vitis, and powdery mildew by Unci-
nular necator has been reported in Korean vineyards (Hong
etal.,2008; Lim et al. 2017). Ripe rot by C. acutatum and C.
gloeosporioides causes symptoms such as ring spot or fruit
cracking, and it is known that European grapes with thin
skins are more susceptible to ripe rot compared to Ameri-
can grapes. When plants are exposed to biotic stresses (such
as pathogens like the Colletotrichum species) and abiotic
stresses (such as high temperature and drought), reactive
oxygen species (ROS) are generated inside the plant to exert
a defense reaction in response to the stresses (Das and Roy-
choudhury 2014; Mehdy 1994).

The expression of HSF genes in grapevines has been
reported to be induced through the accumulation of ROS in
plants exposed to abiotic stress (Miller and Mittler 2006),
but there is little information on how expression is affected
by pathogenic infections. Therefore, this study was under-
taken to investigate the expression of HSF genes and to
elucidate the mechanism of this expression through accu-
mulation of ROS in grapevines after pathogen infections.
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Table2 Primer list of hydrogen peroxide-related genes and nucleotide
sequences used for real-time PCR analysis

Name Primer sequences (5’-3”)
Forward Reverse
VvMnSOD ATAACCAACTACAA- CTTTCCATAC-
CAAAGCCCTA GTTCTTCAG-
GTAAT
VvAPX GGTCCGTTTGGGACAATGAA CGGAAATT-
GCTCCTT-
GATCG
VvCAT TCATGCTACTCAGGATCTC- CTTGAAATT-
TATGA GTTCTCCTTCT-
CAAT

Vv: Vitis vinifera, MnSOD: manganese superoxide dismutase, APX:
ascorbate peroxidase, CAT: catalase

2 Materials and methods
2.1 Plant materials and pathogens

‘Campbell Early’ (Vitis labruscana) and the creeping grape-
vine native to Korea (V. flexuosa), which were kept in
greenhouses and Vitis germplasm vineyards at Yeungnam
University, were used as the plant materials in this study.
Two pathogens, C. acutatum and C. gloeosporioides, were
used for inoculating the grapevine leaves and grape berries.

2.2 Pathogen culture and inoculation

Pathogens were cultured in potato dextrose agar (PDA)
medium under a wavelength of 380 nm (Anderson et al.
2013), in a 12-h-light/12-h-dark cycle to induce sporula-
tion. Spore suspension (1x1° spores/mL) was prepared
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Fig. 1 Expression levels of VHSFs (grapevine heat shock transcrip-
tional factors) at 6 h after treatment in leaves of ‘Campbell Early’ (o)
and creeping grapevine (V. flexuosa, m) in response to pathogen and

from the cultured pathogens using sterile water. Inoculation
was achieved using a nebulizer, spraying onto the leaves,
immature fruit, and mature fruit of ‘Campbell Early’ and
creeping grapevine. Samples inoculated with pathogens
were collected at varying time points, rapidly frozen with
liquid nitrogen, and stored in a deep freezer at -80°C.

2.3 RNA isolation and real-time PCR

RNA was isolated from the leaves, immature, and mature
fruits of ‘Campbell Early’ and creeping grapevine inoculated
with pathogens, applying the method described by Chang
et al. (1993). A Nano Drop spectrophotometer (NABI, UV
spectrophotometer, Korea) was used to measure the RNA
yield and quality. cDNA was synthesized from 500 ng RNA
using the GoScript™ Reverse Transcription System (Pro-
mega, Madison, USA), and real-time PCR was performed
using this cDNA as the template. SYBR Premix Ex (SYBR
Premix Ex Taq, TaKaRa Bio Inc., Osaka, Japan) was used
for real-time PCR. The reactions were subjected to one cycle
at 95°C for 30 s, followed by 40 cycles at 95°C for 5 s and
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high temperature. ‘Campbell Early’ grapevines and creeping grape-
vines were exposed to 35°C (A) and inoculated with Colletotrichum
acutatum (B). Vertical bars represent standard error of means (n=3)

at 60°C for 30 s. The nucleotide sequences of primers used
from 19 grape HSF genes and ROS-related genes (including
catalase (CAT), superoxide dismutase (SOD), and ascorbate
peroxidase (APX)) are listed in Tables 1 and 2. All gPCR
experiments were performed in triplicate to ensure consis-
tency of the results, using gene-specific primers designed to
target each gene of interest.

2.4 Measurement of hydrogen peroxide (H,0,)

The concentration of hydrogen peroxide (H,0,) was deter-
mined following the method of Loreto and Velikova (2001).
Briefly, leaf samples (0.3 g) were homogenized in 3 mL 1%
(w/v) trichloroacetic acid (TCA), followed by centrifuga-
tion of the homogenate at 10,000 g and 4°C for 10 min. Sub-
sequently, 0.75 mL of the supernatant was added to 0.75 mL
10 mM K phosphate buffer (pH 7.0) and 1.5 mL 1 M KI,
and absorbance was measured at 380 nm. The concentration
of H,0, was calculated from a standard curve plotted in the
range 100 to 1000 mmol/mL and is expressed as pmol/g
FW.
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Fig. 2 Expression levels of HSF11 (heat shock transcriptional factor)
(D), HSF12 (<), HSF14 (A), HSF15 (x), HSF16 (-), and HSF17 (0)
genes in leaves and immature and mature fruits of ‘Campbell Early’

3 Results and discussion

3.1 Selection of HSFs differentially expressed by
pathogens

Real-time PCR was performed using primers designed
from HSF1 ~19 nucleotide sequences, made using cDNA
designed from the RNA isolated from leaves of ‘Campbell
Early’ and creeping grapevine inoculated with pathogens
and exposed to high temperature (30-35°C).

Incubation in a 30°C moist chamber for 3 days after inoc-
ulation with Colletotrichum pathogens resulted in the typi-
cal symptoms in leaves and fruits of both ‘Campbell Early’
and creeping grapevines.

Evaluating the expression of HSFs in leaves inoculated
with the pathogen and exposed to high temperature revealed
the upregulation of four HSFs (HSF11, HSF12, HSF14,

@ Springer

Hours after induction

(CE, —) and creeping grapevine (V. flexuosa, Vf, ---) in response to
Colletotrichum acutatum. Vertical bars represent standard error of
means (n=3)

and HSF15) in both the pathogen-infected and high tem-
perature—exposed leaves, whereas two HSFs (HSF16 and
HSF17) showed differential expression patterns in grape-
vine leaves under the same conditions (Fig. 1).

Real-time PCR with selected HSFs in grapevines showed
that the gene expression levels were higher in most leaves
compared to immature or mature fruits of ‘Campbell Early’
and creeping grapevine inoculated with C. acutatum. The
expression of HSF11, HSF12, and HSF14 in creeping
grapevine was observed to be higher than in ‘Campbell
Early’, while the expression of HSF15, HSF16, and HSF17
in ‘Campbell Early’ was greater than in creeping grapevine.
Except HSF15, the expression levels of all HSFs were the
highest at 12 h after inoculation of the pathogen C. acutatum
(Fig. 2).

The expression of HSF11, HSF12, HSF14, HSF15,
HSF16, and HSF17 in the leaves, immature fruit, and
mature fruit of creeping grapevine inoculated with C.
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Fig. 3 Expression levels of HSF11 (heat shock transcriptional factor)
(D), HSF12 (<), HSF14 (A), HSF15 (x), HSF16 (-), and HSF17 (0)
genes in leaves and immature and mature fruits of ‘Campbell Early’

gloeosporioides was higher than values obtained in ‘Camp-
bell Early’ grapevine. In addition, the expression was higher
in leaves than in immature or mature fruits, and expression
levels of most HSFs was highest at 12 h after inoculation
of the pathogen C. gloeosporioides (Fig. 3). Among the six
selected HSFs, HSF16 and HSF17 showed the low expres-
sion levels in both ‘Campbell Early’ and creeping grapevine
inoculated with pathogens.

In addition, the expression of HSF14, HSF16, and HSF17
was down-regulated by inoculation of the pathogen com-
pared to levels obtained by wounds in grapevines (Fig. 4).

In plants, HSFs are known to be expressed specifically
by abiotic stresses (including drought, salt, CO,, and high
temperature) and are also known to be expressed by biotic
stresses (such as fungal and bacterial infections). Although
various studies have reported that HSFs are expressed by
abiotic stress, the expression of HSFs in response to biotic

Oh 3h 6h 12h 24h 48h 72h
Hours after induction

(CE, —) and creeping grapevine (V. flexuosa, Vf, ---) in response to
Colletotrichum gloeosporioides. Vertical bars represent standard error
of means (n=3)

stress, including infection with pathogens, has not been
reported in grapevines.

Therefore, this study investigated the expression levels
of VTHSF1~19 genes in the leaves and in immature and
mature fruits of ‘Campbell Early’ (V. labruscana) and creep-
ing grapevine (V. flexuosa) inoculated with ripe rot patho-
gens. Among the HSF genes with differential expression
patterns following exposure to high temperature and inocu-
lation with pathogens, HSF11, HSF12, HSF14, HSF15,
HSF16, and HSF17 were selected for further studies.

Creeping grapevine (V. flexuosa) is native to Korea and
is known to be less sensitive to stress by high temperature,
thus imparting good coloration of fruit skins at high temper-
atures (Ahn et al. 2019; Lee et al., 2020). The expression of
HSF11 in grapevines inoculated with C. acutatum showed a
similar reaction in the immature fruit of the creeping grape-
vine and leaves of ‘Campbell Early’ exposed to 35 °C. The
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Fig.4 Relative expression of HSF11 (heat shock transcriptional factor)
(w, ), HSF12 (e, &), HSF14 (A, A), HSF15 (%, x), HSF16 (+, +),
and HSF17 (e, o) genes in immature and mature fruits of ‘Campbell

expression of HSF genes due to pathogen inoculation was
higher mostly in the leaves than in fruits and was higher in
the creeping grapevine than in the ‘Campbell Early’ grape.
The expression of HSF16 in grapevines inoculated with
C. gloeosporioides showed a similar reaction with creep-
ing grapevine leaves and ‘Campbell Early’ leaves exposed
to 45 °C, which is similar to a previous report stating that
HSF16 shows different reactions in response to high tem-
perature in ‘Campbell Early’ and creeping grapevine (Lee
et al., 2020).

In walnuts, it has been reported that HSF9, HSF10,
HSF11, HSF12, HSF13, and HSF17 are expressed differ-
entially in response to abiotic stresses such as high tem-
perature, drought, and salt stress (Liu et al. 2020). HSF5,
HSF15, HSF16, HSF17, and HSF18 were also reported
to be differentially expressed in canola by abiotic stresses
such as drought, high temperature, and high CO, (Zhu et
al. 2017). HSF5, HSF7, HSF9, HSF12, HSF13, and HSF17
were reported to be expressed by drought stress in sesame
seeds (Dossa et al. 2016). In tomatoes, HSF14, belonging
to the HSFB group, is known to be expressed in coopera-
tion with the HSFA group (Bharti et al. 2004). Additionally,
among the HSF genes, HSF3 showed the highest expression
at 6 h after inoculation with Xanthomonas axonopodis pv.
manihotis (Xam) in cassava plants (Wei et al. 2018).
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Early’ (—) and creeping grapevine (V. flexuosa, ---) in response to Col-
letotrichum acutatum (Ca) and C. gloeosporioides (Cg). Vertical bars
represent standard error of means (n=3)

3.2 Measurement of hydrogen peroxide content in
grapevines

Hydrogen peroxide is one of the ROSs generated under stress
conditions, and the levels were measured in leaves and fruits
of ‘Campbell Early’ and creeping grapevine inoculated with
pathogens. The amount of hydrogen peroxide was highest at
3 h post inoculation in leaves and in immature and mature
fruits of creeping grapevine inoculated with C. acutatum. In
‘Campbell Early’ inoculated with C. acutatum, low levels of
hydrogen peroxide were generated in leaves and fruits com-
pared to in creeping grapevine. In the creeping grapevine,
the amount of hydrogen peroxide peaked at 3 h in leaves
and 6 h in fruits after inoculation with C. gloeosporioides.
The amount of hydrogen peroxide generated in ‘Campbell
Early’ inoculated with C. gloeosporioides was also less than
in creeping grapevine inoculated with the same pathogen.
The generation of hydrogen peroxide was the highest at 3
and 6 h after inoculation with C. acutatum and C. gloeospo-
rioides, respectively, in the leaves and immature and mature
fruits of ‘Campbell Early’ and creeping grapevine, and the
generation of hydrogen peroxide after pathogen inoculation
was determined to be higher in the creeping grapevine than
in ‘Campbell Early’ (Fig. 5).
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Fig.5 The amount of hydrogen peroxide in leaves and immature and mature fruit of ‘Campbell Early’ (o) and creeping grapevine (V. flexuosa, m)
inoculated with Colletotrichum acutatum (Ca) and C. gloeosporioides (Cg). Vertical bars represent standard error of means (n=3)

3.3 Expression of hydrogen peroxide-related genes

The expression levels of genes related to the generation
and elimination of hydrogen peroxide were investigated
to predict the role of ROS in response to stresses in grape-
vines. The ROS-related genes, including superoxide dis-
mutase (SOD) involved in hydrogen peroxide accumulation
(H,0,”+2 H* — H,0,+0,), catalase (CAT), and ascorbate
peroxidase (APX), were evaluated for their expression.

The expression levels of CAT genes in the leaves and
immature and mature fruits of ‘Campbell Early’ and creep-
ing grapevine inoculated with pathogens were higher than
those of SOD and APX. Moreover, the expression lev-
els of ROS-related gene were determined to be higher in
creeping grapevine than in the ‘Campbell Early’ grapevine
(Fig. 6). Expression patterns were observed to be dependent
on the species of Colletotrichum, the ripe rot pathogen in

grapevines. The expression of CAT and SOD genes contin-
ued to increase in the mature fruit of creeping grapevine,
leaves of ‘Campbell Early’, and creeping grapevine inocu-
lated with C. acutatum. However, the increase was not con-
tinuous, and levels began to decrease from 3 to 6 h after
inoculation in the leaves and fruits of ‘Campbell Early’ and
creeping grapevine inoculated with C. gloeosporioides.
HSFs are expressed not only directly in response to for-
eign biotic and abiotic stresses (Hwang et al. 2014; Li et
al. 2014; Liu et al. 2020; Peng et al. 2013; Tanabe et al.
2016; Wei et al. 2018; Zhu et al. 2017), but also through
the activation of the ROS accumulation and scavenging
pathway (Miller and Mittler 2006; Volkov et al. 2006). ROS
increase due to abiotic and biotic stresses up-regulates the
gene expression of various enzymes, including SOD, CAT,
and APX (Gupta et al. 1993; Luis et al. 2006; Mittler et al.,
2004; Moller, 2001). It has been reported that the activity of
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Fig. 6 Expression levels of ascorbate peroxidase (APX: o, ®), super-
oxide dismutase (SOD: O, m), and catalase (CAT: A\, A) genes in
leaves and immature and mature fruit of ‘Campbell Early’ (—) and

CAT and HSP is elevated even in APX1-deficient Arabidop-
sis during light stress (Pnueli et al. 2003).

In this study, the expression of SOD showed different
patterns in the leaves and immature and mature fruits of
grapevines inoculated with the two pathogens. The SOD
expression pattern varied and was dependent on the type of
plant or external stresses (Zhou et al. 2017). It was previ-
ously reported that 10 genes of the SOD family show dif-
ferential expression patterns in the roots, leaves, fruits, and
seeds of grapevines against abiotic stresses, such as low
temperature, high temperature, and salt stress (Hu et al.
2019). In our study, the expression level of CAT was higher
than that of APX in ‘Campbell Early’ and creeping grape-
vines inoculated with pathogens. CAT and APX have been
reported to be expressed differentially in response to biotic
stress and abiotic stress in plants (Guan et al. 2018; Mano
et al. 2001). By contrast, Haider et al. (2019) reported that
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the expression level of APX is higher than that of CAT in
response to salt stress in grapevines.

3.4 Accumulation of hydrogen peroxide and HSF
gene expression

To elucidate the relation between the expression of HSF
genes and the generation of hydrogen peroxide in grape-
vines, HSF expression and the amount of ROS generation
were investigated in the leaves and fruits of creeping grape-
vine inoculated with pathogens.

Among the selected HSFs, the expression of HSF11,
HSF12, and HSF16 genes in the leaves and HSF14 and
HSF16 genes in immature and mature fruits directly
increased with increasing accumulation of hydrogen per-
oxide in creeping grapevine inoculated with C. acutatum.
Moreover, a proportional correlation was observed between
the amount of hydrogen peroxide and the expression of
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and HSF17 (e) in leaves and immature and mature fruits of creeping

HSF12 and HSF16 genes in leaves, the HSF14 gene in
immature fruit, and the HSF14 and HSF16 genes in mature
fruits in creeping grapevine inoculated with C. gloeospori-
oides (Fig. 7).

Previous studies reported that ROS accumulation induces
the expression of several genes involved in the expression
of HSF genes in plants (Miller and Mittler 2006; Volkov et
al. 2006). Among the HSFs, it was reported that expression
of HSF4 is associated with the generation of ROS in various
plants, such as Arabidopsis (Gechev et al. 2005). In addition
to external abiotic stresses (including high temperature), it
is known that ROS accumulation also induces the expres-
sions of HSF genes in plants (Davletova et al. 2005). Previ-
ous reports indicated that HSP is induced by the exogenous
treatment of H,O, in tomatoes and rice (Banzet et al. 1998;
Lee et al. 2000). In Arabidopsis, HSFA2 was commonly
expressed subsequent to H,O, treatment and pathogen

0 50 100 150 200

grapevine (V. flexuosa) in response to Colletotrichum acutatum (Ca)
and C. gloeosporioides (Cg)

treatment, but HSF4 showed high expression levels only by
pathogen infection and HSF6a was expressed by salt treat-
ment (Miller and Mittler 2006).

4 Conclusion

In this study, variations of HSF gene expressions were
observed in the leaves and immature and mature fruits of the
two tested grapevines responding to foreign stresses. The
expression of the selected HSFs (HSF11, HSF12, HSF14,
HSF15, HSF16, and HSF17) was observed to be dependent
on the increase of ROS in grapevines. Although the gene
expression level of some HSFs was dependent on ROS accu-
mulation, expression of other HSFs (HSF11, HSF13, and
HSF17) increased without increasing hydrogen peroxide
concentration in creeping grapevine responding to biotic and
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abiotic stresses. However, the HSF gene expression through
ROS accumulation was observed to be differentially regu-
lated by the type of stress and variety in species of plants.
In the pathway of HSF expression in response to pathogen
infections, it was confirmed that regulation is directly asso-
ciated and occurs via the activation of the hydrogen perox-
ide accumulation pathway. However, because there would
be complicated pathways in HSF gene expression even in
ROS accumulation, and in direct induction of their expres-
sion without ROS, further research is required on the vari-
ous pathways for HSF gene expression in grapevines.

Acknowledgements This work was supported by the grant No.
PJ015852 from the Agricultural R&D, Rural Development Adminis-
tration, Republic of Korea.

Authorship contribution statement Young Jun You performed the
overall experiment and data analysis. Soon Young Ahn performed ex-
periment to confirm the results and wrote manuscript together. Hae
Keun Yun designed and managed whole experiments and finalized the
manuscript.

Declarations

Conflict of interest The authors declare that they have no conflict of
interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Ahn SY, Kim SA, Yun HK (2019) Diferentially expressed genes dur-
ing berry ripening in de novo rna assembly of vitis fexuosa fruits.
Hortic Environ Biotechnol 60:531-553

Akhtar M, Jaiswal A, Taj G, Jaiswal JP, Qureshi MI, Singh NK (2012)
Dreb1/cbf transcription factors: their structure, function and role
in abiotic stress tolerance in plants. J Genet 91:385-395

Anderson JM, Aitkenb EAB, Dannc EK, Coatesa LM (2013) Morpho-
logical and molecular diversity of Colletotrichum spp. causing
pepper spot and anthracnose of lychee (Litchi chinensis) in Aus-
tralia. Plant Pathol 62:279-288

Banzet N, Richaud C, Deveaux Y, Kazmaier M, Gagnon J, Triant-
phylides C (1998) Accumulation of small heat shock proteins,
including mitochondrial HSP22, induced by oxidative stress and
adaptive response in tomato cells. Plant J 13:519-527

Bharti K, von Koskull-Déring P, Bharti S, Kumar P, Tintschl-Korbitzer
A, Treuter E, Nover L (2004) Tomato heat stress transcription

@ Springer

factor HSFb 1 represents a novel type of general transcription
coactivator with a histone-like motif interacting with hac1/cbp.
Plant Cell 16:1521-1535

Chang S, Puryear J, Cairney J (1993) A simple and efficient method for
isolating RNA from pine trees. Plant Mol Biol Rep 11:113-116

Das K, Roychoudhury A (2014) Reactive oxygen species (ROS) and
response of antioxidants as ROS scavengers during environmen-
tal stress in plants. Front Environ Sci 2:53

Davletova S, Rizhsky L, Liang H, Shenggiang Z, Oliver DJ, Coutu
J, Shulaev V, Schlauch K, Mittler R (2005) Cytosolic ascorbate
peroxidase 1 is a central component of the reactive oxygen gene
network of arabidopsis. Plant Cell 17:268-281

Dossa K, Diouf D, Cissé N (2016) Genome-wide investigation of HSF
genes in sesame reveals their segmental duplication expansion
and their active role in drought stress response. Front Plant Sci
7:1522

Gechev TS, Minkov IN, Hille J (2005) Hydrogen peroxide-induced
cell death in arabidopsis: transcriptional and mutant analysis
reveals a role of an oxoglutarate-dependent dioxygenase gene in
the cell death process. [UBMB Life 57:181-188

Guan L, Haider MS, Khan N, Nasim M, Jiu S, Fiaz M, Zhu X, Zhang
K, Fang J (2018) Transcriptome sequence analysis elaboratesa
complex defensive mechanism of grapevine (Vitis vinifera L.) in
response to salt stress. Int J Mol Sci 19:4019

Gupta AS, Webb RP, Holaday AS, Allen RD (1993) Overexpression
of superoxide dismutase protects plants from oxidative stress:
induction of ascorbate peroxidase in superoxide dismutase-over-
expressing plants. Plant Physiol 103:1067-1073

Haider MS, Jogaiah S, Pervaiz T, Yanxue Z, Khan N, Fang J (2019)
Physiological and transcriptional variations inducing complex
adaptive mechanisms in grapevine by salt stress. Environ Exp
Bot 162:455-467

Hong SK, Kim WG, Yun HK, Choi KJ (2008) Morphological varia-
tions, genetic diversity and pathogenicity of Colletotrichum spe-
cies causing grape ripe rot in Korea. Plant Pathol J 24:269-278

Hu X, Hao C, Cheng ZM, Zhong Y (2019) Genome-wide identification,
characterization, and expression analysis of the grapevine super-
oxide dismutase (SOD) family. Int J Genomics 2019:7350414

Hwang SM, Kim DW, Woo MS, Jeong HS, Son YS, Akhter S, Choi
GJ, Bahk JD (2014) Functional characterization of Arabidopsis
HSFa6a as a heat-shock transcription factor under high salinity
and dehydration conditions. Plant Cell Environ 37:1202—1222

KOSIS (Korean Statistical Information Service) (2019) https://kosis.
kr/statHtml/statHtml.do? orgld = 101&tblld = DT 1ET 0292

Lee BH, Won SH, Lee HS, Miyao M, Chung WI, Kim 1J, Jo J (2000)
Expression of the chloroplast-localized small heat shock protein
by oxidative stress in rice. Gene 245:283-290

Lee JH, Kim SA, Ahn SY, Yun HK (2021) Heat shock transcriptional
factor genes (VfHSFs) of vitis fexuosa respond diferentially
to high temperature in grap evines. Hortic Environ Biotechnol
62:87-97. https://doi.org/10.1007/s13580-020-00296-w

Lee MN, Lee WK, Song CC, Lee JH, Choi HA, Kim TM (2007) Spa-
tiotemporal change prediction and variability of temperature and
precipitation. J GIS Assoc Korea 15:1-12

Li PS, Yu TF, He GH, Chen M, Zhou YB, Chai SC, Xu ZS, Ma YZ
(2014) Genome-wide analysis of the HSF family in soybean and
functional identification of gmHSF-34 involvement in drought
and heat stresses. BMC Genomics 15:1009

Li S, Fu Q, Chen L, Huang W, Yu D (2011) Arabidopsis thaliana
wrky25, wrky26, and wrky33 coordinate induction of plant ther-
motolerance. Planta 233:1237-1252

Lim TH, Lee SJ, Lee CM, Song JS, Han SS, Lee DW (2017) Survey on
the occurrence of diseases in grapevine export complexes and the
fruit for export in Korea. J Agric Life Sci 51:61-71

Liu G, Fengmei C, Yi W, Jinzhu J, Wei D, Yuting W, Fangfang W,
Shaohua L, Lijun W (2018) Genome-wide identification and


https://kosis.kr/statHtml/
https://kosis.kr/statHtml/
http://dx.doi.org/10.1007/s13580-020-00296-w
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Horticulture, Environment, and Biotechnology (2022) 63:735-745

745

classification of HSF family in grape, and their transcriptional
analysis under heat acclimation and heat stress. Hortic Plant J
4:133-143

Liu X, Meng P, Yang G, Zhang M, Peng S, Zhai MZ (2020) Genome-
wide identification and transcript profiles of walnut heat stress
transcription factor involved in abiotic stress. BMC Genomics
21:474

Loreto F, Velikova V (2001) Isoprene produced by leaves protects the
photosynthetic apparatus against ozone damage, quenches ozone
products, and reduces lipid peroxidation of cellular membranes.
Plant Physiol 127:1781-1787

Luis A, Sandalio LM, Corpas FJ, Palma JM, Barroso JB (2006) Reac-
tive oxygen species and reactive nitrogen species in peroxisomes.
production, scavenging, and role in cell signaling. Plant Physiol
141:330-335

Mano J, Ohno C, Dormae Y, Asada K (2001) Chloroplastic ascorbate
peroxidase is the primary target of methylviologen-induced pho-
tooxidative stress in spinach leaves: its relevance to monodehy-
droascorbate radical detected with in vivo ESR. Biochim Biophys
Acta 1504:275-287

Mehdy MC (1994) Active oxygen species in plant defense against
pathogens. Plant Physiol 105:467-472

Miller G, Mittler R (2006) Could heat shock transcription factors func-
tion as hydrogen peroxide sensors in plants? Ann Bot 98:279-288

Mittler R, Vanderauwera S, Gollery M, Van Breusegem F (2004) Reac-
tive oxygen gene network of plants. Trends Plant Sci 9:490-498

Moller IM (2001) Plant mitochondria and oxidative stress. electron
transport, nadph turnover and metabolism of reactive oxygen spe-
cies. Annu Rev Plant Physiol Mol Biol 52:561-591

Ordufia R (2010) Climate change associated effects on grape and wine
quality and production. Food Res Int 43:1844—1855

Park EK, Ryu JC, Kim TK (2010) Analysis of consumer preferences
for wine. Korean J Food Preserv 17:418-424

Peng S, Zhu Z, Zhao K, Shi J, Yang Y, He M, Wang Y (2013) A novel
heat shock transcription factor, VpHSF1, from Chinese wild Vitis
pseudoreticulata is involved in biotic and abiotic stresses. Plant
Mol Biol Rep 31:240-247

Pnueli L, Hongjian L, Mittler R (2003) Growth suppression, altered
stomatal responses, and augmented induction of heat shock pro-
teins in cytosolic ascorbate peroxidase (Apxl)-deficient Arabi-
dopsis plants. Plant J 34:187-203

Scharf KD, Berberich T, Ebersberger I, Nover L (2012) The plant heat
stress transcription factor (HSF) family: structure, function and
evolution. Biochim Biophys Acta 1819:104-119

Shinomiya R, Fujishima H, Muramoto K, Shiraishi M (2015) Impact
of temperature and sunlight on the skin coloration of the ‘Kyoho’
table grape. Sci Hortic 193:77-83

Tanabe S, Onodera H, Hara N, Ishii-Minami N, Day B, Fujisawa Y,
Hagio T, Toki S, Shibuya N, Nishizawa Y, Minami E (2016) The
elicitor-responsive gene for a gras family protein, cigr2, sup-
presses cell death in rice inoculated with rice blast fungus via
activation of a heat shock transcription factor, osHsf23. Biosci
Biotechnol Biochem 80:145-151

Volkov RA, Panchuk II, Mullineaux PM, Schoi F (2006) Heat stress-
induced H,0, is required for effective expression of heat shock
genes in arabidopsis. Plant Mol Biol 61:733-746

von Koskull-Doring P, Scharf KD, Nover L (2007) The diversity of
plant heat stress transcription factors. Trends Plant Sci 12:452-457

Wei Y, Lie G, Chang Y, He C, Shi H (2018) Heat shock transcription
factor 3 regulates plant immune response through modulation of
salicylic acid accumulation and signaling in cassava. Mol Plant
Pathol 19:2209-2220

Zhou'Y, Hu L, Wu H, Jiang L, Liu S (2017) Genome-wide identifica-
tion and transcriptional expression analysis of cucumber super-
oxide dismutase (SOD) family in response to various abiotic
stresses. Int J Genomics 2017:1-14

Zhu X, Huang C, Zhang L, Liu H, Yu J, Hu Z, Hua W (2017) System-
atic analysis of HSF family genes in the brassica napus genome
reveals novel responses to heat, drought and high CO, stresses.
Front Plant Sci 8:1174

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer



	﻿Heat shock transcriptional factors (HSFs) are expressed in response to hydrogen peroxide production in grapevines inoculated with ﻿Colletotrichum﻿ Species
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and methods
	﻿2.1﻿ ﻿Plant materials and pathogens
	﻿2.2﻿ ﻿Pathogen culture and inoculation
	﻿2.3﻿ ﻿RNA isolation and real-time PCR
	﻿2.4﻿ ﻿Measurement of hydrogen peroxide (H﻿2﻿O﻿2﻿)

	﻿3﻿ ﻿Results and discussion
	﻿3.1﻿ ﻿Selection of HSFs differentially expressed by pathogens
	﻿3.2﻿ ﻿Measurement of hydrogen peroxide content in grapevines
	﻿3.3﻿ ﻿Expression of hydrogen peroxide-related genes
	﻿3.4﻿ ﻿Accumulation of hydrogen peroxide and HSF gene expression

	﻿4﻿ ﻿Conclusion
	﻿References


